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Abstract 
Introduction. When milling complex-profile surfaces of parts, the selection of tool trajectories and orientations affect 


the roughness parameters. However, in the studies devoted to the formation of trajectories, recommendations to provide 
the quality of microgeometry of surfaces were not taken into account. Moreover, when writing programs for CNC 
equipment in CAM systems, the limitations of cutting modes were determined exclusively using a geometric approach. 
It did not take into account the influence of the orientation angles of the sphero-cylindrical tool relative to the normal 
plane on the quality of surface treatment, namely on roughness. The work was aimed at the creation of the methodology 
for selecting the limiting values of the orientation angles of a sphero-cylindrical tool to optimize the process of 
machining spatially complex surfaces. The tasks included achieving the minimum values of the amplitude roughness 
parameter Rz and determining the effectiveness of various machining paths. 

Materials and Methods. Methods of correlation and regression analysis were used, the results were compared and 
generalized. The least-squares method was applied to estimate the parameters of the regression equation. The DMU 50 
ecoline processing center was used for the experimental studies. Roughness was measured on a Surfcam 1800 D 
profilometer. The material of the samples was steel 12X18N10T. The material of the tool was hard alloy 1620 Sandvik 
with PVD coating (physical vapor deposition, the closest domestic analogue is T15K6). 

Results. It has been shown in detail how roughness parameters Rz depend on the angle of inclination and the diameter 
of the tool. Twenty examples were summarized in a table. Natural regression coefficients were calculated using linear 
and hyperbolic models. It was found that the diameter of the tool had a greater effect on the formation of roughness 
parameter Rz than the angle of inclination. For a detailed description of the influence features, the coefficients of 
multiple, partial, paired correlation and multiple determination were compared. The limitations associated with the 
angles of inclination of the tool when processing complex surfaces were determined. A scheme for calculating the angle 
of the normal was visualized, which included the selected step along the axis to determine the lengths of the segments 
of the broken curve. The profilograms of surfaces obtained with different shaping trajectories were given in the form of 
drawings. This allowed us to conclude that milling from top to bottom is unsuitable when the tool is tilted 5°-35°. A 
map has been compiled by which it is possible to judge the roughness, knowing the type of milling and the inclination 
angle (from 5° to 80°). The dependence of the roughness parameter on the processing speed and the use of coolant was 
represented graphically. The calculated parameters for determining the optimal angle of inclination of the tool were 
tabulated. Their analysis proved the adequacy of the proposed method of preparing control information. 

Discussion and Conclusion. The presented technique made it possible to determine the optimal values of the 
orientation angles of the sphero-cylindrical tool. taking into account the cutting speed and the minimum possible 


amplitude roughness parameter Rz. The pattern of feeding /2 = 0.4 mm/tooth for surface areas with a total angle of 
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5—50° was considered. In this case, processing along trajectories in the passing, opposite and bottom-top directions, 
provided roughness in the range of 3—6 wm according to parameter Rz. The top-down toolpath is not recommended for 


use in final operations due to the significant height of parameter Rz. 


Keywords: amplitude roughness parameter, orientation of a sphero-cylindrical tool, milling of complex-profile 


surfaces, spatially complex surfaces 


Acknowledgments: the authors would like to thank V.M. Davydov, Dr.Sci. (Engineering), Professor, Head of the 
Technical Informatics and Information Systems Department, Pacific National University, Khabarovsk, for significant 


comments and important tips when conducting research and designing the article. 


For citation. Gimadeev MR, Nikitenko AV, Berkun VO. Influence of the Sphero-Cylindrical Tool Orientation Angles 
on Roughness under Processing Complex-Profile Surfaces. Advanced Engineering Research (Rostov-on-Don). 
2023;23(3):23 1-240. https://doi.org/10.23947/2687-1653-2023-23-3-23 1-240 


Hayunaa CMamMbA 


BsnsaHne yri0B OpHeHTauMH CthepouWJIMHAPH4ecKOro HHCTPyMeHTa Ha WiepOxoBaTOCTb 


pu oOpadorTkKe C1OKHONPOMUILHBIX MOBepxHoctTeli 


M.P. Pumayees! © , A.B. Huxutenko! ©, B.O. Bepxyn'” © 


' TyxookeaHcknii rocyapcrBeHHbIit yHuBepcurer, r. XaGaposck, Poccuiicxan Deneparua 


2 OOmectTBO c orpaHH4eHHOH OTBeTCTBeHHOcTBIO «I IpomMam, r. XaO6aposck, Poccuiickaa Dexepanua 


DX] 009063 @pnu.edu.ru, jl_wiegott@list.ru 


AHHOTalna 

Beedenue. (pu ppesepoBanuu ci0x%KHbIX MOBepXHOCTeH AeTaei BbIOOp TpaeKTopHii HW OpHeHTaljMu MHCTpyMeHtTa 
BJIMAIOT Ha MapaMeTpbl WepoxoBaTOcTH. OWHakO B HCCJICOBaHHAX, MOCBALICHHbIX (POPMHpOBaHHO TpaeKTOpHii, He 
YUHTBIBAIOTCA PCEKOMCH AHH, MO3BOIAIOWIMe OOeCIeYHTh KaYeCTBO MHKpOreoMeTpHH MoBepxHoctTel. K Tomy 2%«Ke mpv 
HallucaHHu TporpaMM Ayia oOopygoBanua c UITY Bp CAM-cuctremax (oT aura. computer-aided manufacturing — 
AaBTOMATH3HPOBaHHOe MpOW3BOACTBO) OFpaHHYeHHA PexXKUMOB Pe3aHHA OMPeCMAIOTCA MCKJIIOUNTEIbHO C TMOMOLIbIO 
reoMeTpHyeckoro Toszxofa. OH He YYNTHIBACT BIMAHHE yIIOB OpHeHTaluu ciPepouMIHHApHyeckoro HHCTpyMeHTa 
OTHOCHTEJIbBHO IWIOCKOCTH HOpMasIM Ha KayecTBO OOpaboTKH HoBepxHocTeli, a HMeHHO Ha wWepoxoBaTocTs. Lemp 
paOoTbI — co3qaHve MeTOAMKM 0 BbIOOpy MpexeIbHbIX 3HaYeHHH yrIOB OpHeHTalMu ccbepouMIMHApHyeckoro 
WMHCTPyMeHTa JIA ONTHMM3allMH Wpolecca MexaHHyecKkol OOpaOoTKH MpOCcTpaHCTBeEHHO-CJIOXKHbIX MOBepXHOcTel. 
3aqauu: JOCTWKeHHe MMHMMAJIbHBIX 3HaYeCHHM aMIWVIMTy{HOrO MapaMeTpa wWepoxoBatoctu Rz u onpeyesenne 
3PbeKTHBHOCTH pa3IHUHbIX TpaeckTopuli OOpaooTKu. 

Mamepuansi u memoooi. VUicnonb30Baiucb MeTObI KOPpeAWMOHHOTO MW perpeccHOHHOTO aHasIv3a, pe3YyJIbTAThI 
cpaBHuBaIMch HM oOobmamMch. Ja OeCHKH MapaMeTpoB ypaBHeHuA perpeccHu MpHMeHAICA MeTO HaMMeHbIIHXx 
KBagpaTosB. Jit 9KCIepHMeHTaJIbHbIX HCCIeqOBAHHU 3afevicTBOBaNM OOpadaTEIBarolMi weHTp DMU 50 ecoline. 
IWepoxosatoctTs u3MepssIH Ha Ipodpusometpe Surfcom 1800 D. Matepuan o6pa3n0B — ctamb 12X18H10T. Matepnan 
MHCTpyMeHTa — TBepybIit criaB 1620 Sandvik c PVD-noxppituem (oT aur. physical vapor deposition — dbu3n4eckoe 
ocaxkeHHe MapoB MeTasWIOB. ONWKaMIIM OTeUeCTBeHHBIM aHaslor — T15K6). 

Pe3yiemamoi uccnedosanua. J\etaibHo 0Ka3aHO, Kak WlapaMeTpbI WepoxoBaTocTH Rz 3aBHCAT OT yrula HaKJIOHa U 
yjMaMetpa WHcTpyMeHta. J[BalljaTb MpHMepoB pefcTaBeHbl B Bue TaOmuuUbI. EcTecTBeHHbIe KOIPMUIMeCHTHI 
perpeccuu paccuuTaHbI 0 JIMHeMHOM u rMnepOomMyecKoH MoyemaM. YcTaHOBJIeHO, YTO AMaMeTp MHCTpyMeHTa 
OolbWIe BIMAeT Ha (OPMHMpOBaHHe MapamMeTpa WepoxoBaToctn Rz, yem yrou HaksoHa. J[a WeTabHOrO omMcaHHA 
ocoOeHHOcTeli BIIMAHHA CpaBHUBaIMch KOIPPHUMCHTbI MHOXKECTBCHHOM, 4aCTHOH, WapHoli KoppesayuH 
MHOXKECTBEHHOM WeTepMuHaHH. OnpeyeseHbl orpaHHyeHHa, CBA3aHHbIe C yrylaMM HaKJIOHa MHCTpyMeHTa TIpv 
oOpaboTke cNO%KHEIX MoBepxHoctei. BusyanM3upoBaHa cxeMa JIA pacueTa yrula HOpMasIM, KOTOpad BKJIIOUaAeT 


BbIOpaHHbIt War WO OCH AIA OMpeAeNeHHA IM OTPe3KOB JOMaHol KpuBOH. JjaHbI B BUC PHCyHKOB MpodusorpaMMbI 
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MOBEPXHOCTeH, MOJYYeHHbIe MPH pa3sIM4HbIX TpaeKTOpHAx PopMoobpa30BaHHA. ITO MO3BONMIO CAelaTb BbIBO O 
HeIIpHrogHOcTH :pesepoBaHuaA cBepxy BHH3 Mp HakIoHe HHCTpyMeHta 5°—-35°. CoctapmeHa KapTa, 10 KOTOpoH 
MOXKHO CYAHTb O WepOxoBaTOCTH, 3Had BU (pexepoBaHHaA M yrou HakoHa (oT 5° yo 80°). Ppaduuecku moKa3ana 
3aBHCHMOCTb MapaMeTpa WepOxoBaTOCTH OT CKOpocTH OOpaboTKH HM MpHMeHeHHA OxIaKAalollel %XUAKOCTH. CBeeHbI 
B TaOMUy pacueTHble MapaMeTpbl JIA ONpeyeeHHA ONTHMaIbHOrO yruia HakIOHa MHCTpyMeHTa. Ux aHaM3 WoKa3zas 
ajleKBaTHOCTb IIpeAIOKCHHOLO MeTOAa NOATOTOBKH yiipaBAOWen HHPopMallHn. 

O@6cyarcdenue u 3akmo4uenue. I[peyctaBneHHad MeTOAUKa MO3BONMIa ONpPeeIMTb OMTHMAIbHbIeC 3HAYCHHA YTJIOB 
opHeHTalyHu cibepouMIMHypMyeckoro WHCTpyMeHTa Cc y4eTOM CKOpOCTH pe3aHHA HM OCTHXKeHHA MUHMMAJIbHO 
BO3MOXHOrO aMIVIHTyIHOrO MapaMetpa wepoxosatoctu Rz. Paccmotpena cutyauua nogaun fz=0.4 mM/3syO wna 
y4acTKOB HOBepXHOCTH C CyMMapHbIM yrsiom 5°-50°. B sTom cyyyae oOpaboTKa 0 TpaeKTOpHAM B TIOILyTHOM, 
BCTpeYHOM HallpaBJIeHHH MU CHH3y BBepx OOecreuHa WepoxoBaTOCcTb B jMala30He 3-6 MKM TIO Mapametpy Rz. 
TpaekTopua JBYwKeHHA CBepXy BHH3 He PeKOMeHJOBaHa K TIPHMeCHCHHIO Ha OKOHUYATECIIBHBIX OlepallHAx 13-3a 


3Ha4UTeIbHOHM BBICOTHI TlapaMeTpa Rz. 


KaroyeBbie CJ10Ba: aMIWIMTYIHbI MapaMeTp WepoxoBaTOcTH, OpHeHtallua ciepouMIMHApHyeckoro HHCTpyMeHTa, 


dbpezsepoBaHue CJIOPKHbIX MOBepxHOcTeH, TIPOCTpaHCTBeCHHO CJIO7KHbIC HOBCPXHOCTH 


BaarogqapHocrH: aBTopbl BbIpaxkaroT OaroqapHoctb B.M. JlaBpiqoBy, I.T.H., upodeccopy, 3aBeyyrolleMy Kadezpor 
«THUG» (®BPBOY BO TOTY, r. XaOaposck) 3a 3HauHMble 3aMe4aHHA WM BaXKHbIC COBCTLI Ip MpoBeyqeHHu 


HCCC HOBaHuA UV odopmMiieHun CTaTbH. 
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moBepxHoctel. Advanced Engineering Research (Rostov-on-Don). 2023;23(3):23 1-240. https://doi.org/10.23947/2687- 
1653-2023-23-3-23 1-240 


Introduction. The reliability of machine parts is determined by such performance properties (PP) of surfaces as 
wear resistance, tightness, strength, quality of coatings [1]. These PP depend on the physico-mechanical and geometric 
parameters of functional surfaces, including roughness [2—4]. 

The analysis of the scientific literature suggests a growing interest in the topic of providing the necessary roughness 
parameters due to the reasonable selection of trajectories of shaping movements and orientation of the sphero- 
cylindrical tool when milling spatially complex surfaces (SCS) [5—7]. Examples of such parts are forming elements of 
die tooling, master models for casting, executive surfaces of gearing [8—10]. 

A number of authors studied the influence of strategies under the milling of SCS and methods of optimizing 
machining [10-12]. However, knowledge about the formation of trajectories does not take into account the 
recommendations for providing the quality of microgeometry of the surfaces of the part. It should also be noted that 
when creating programs for CNC equipment in CAM systems, the limitations of cutting modes are determined 
exclusively using a geometric approach [13, 14]. It does not take into account the influence of the orientation angles of 
the sphero-cylindrical tool relative to the normal plane on the quality of surface treatment, namely on roughness. The 
method of selecting the angles of tool orientation based on empirical models can overcome these disadvantages. Its 
advantages: 

— influence of the tool orientation angles on the surface roughness is taken into account; 

— ability to reasonably select processing paths is supported. 

The study was aimed at the creation of a methodology for selecting the limiting values of the orientation angles of a 
sphero-cylindrical tool to optimize the process of machining spatially complex surfaces. The tasks included achieving 
the minimum values of the amplitude roughness parameter Rz and determining the effectiveness of various machining 
trajectories. 

Materials and Methods. Thus, CAM systems provide forming multi-coordinate machining trajectories with tracking 


of additional parameters, such as collisions, the point of contact between the tool and the part, etc. The sphero- 
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cylindrical tool touches the part at point P; (x;. y;. 2) = Pa (xu. ya. Za). At the same time, it is required to avoid machining 
with the center of the cutter and orient the tool with an angle of inclination of at least 5°-15°. 

In the final operations, the effective cutting speed is determined by the effective diameter. At an equal rotational 
speed, it grows with the increase in the angle of inclination of the tool to the workpiece. An increase in the cutting speed 
generally causes a decrease in the microhardness of the surface, and with an increase in V>75 m/min, the 
microhardness parameters change slightly [12]. The dissipation rate strongly depends on the cutting speed and the 
volume of the material being removed; therefore, cutting-tool lubricant (CTL) is needed to intensify the cutting 
process [15]. 

For the experiments, technological equipment with CNC was used, a five-axis machining center DMU 50 ecoline 
with a maximum spindle frequency of 8,000 rpm. The surface roughness was measured by a Surfcom 1800 D 
profilometer. Sandvik end mills of the R216 series were used for processing 12X18HI10T steel. The material was hard 
alloy 1620 with PVD coating (the closest domestic analogue is T15K6). The diameter was 8 mm, the number of 
teeth — 2. To provide a uniform allowance (a, = 0.2 mm), mechanical treatment with sphero-cylindrical cutters was 
carried out before the final milling operation. 

Research Results. Before determining the angles of inclination, it was required to establish how variable factors 
affected the response function. In this case, we are talking about the surface roughness according to parameter Rz (um). 
To find empirical mathematical models of milling with a sphero-cylindrical tool, we took the independent variables: 
X,— diameter (D, mm) and X2 — the angle of the tool inclination (y, °). The initial data for the analysis were 


considered in previous studies (when applied to tooth £ = 0.4 mm/tooth) [16-19] (Table 1). 


Table 1 
Roughness parameters Rz depending on the angle of inclination and diameter of the tool 
Tool diameter, mm 
Angle, ° 

6 8 10 12 
10 9.33 7.66 5.99 4.33 
20 8.59 7.06 5.53 4.01 
30 7.85 6.46 5.07 3.69 
40 7.11 5.86 4.61 3.37 
50 6.37 5.26 4.15 3.05 


Based on theoretical data on significant factors affecting roughness, linear (1.1) and hyperbolic (1.2) models were 


adopted: 


Rz=Y =atb,X,+b,X,, (1.1) 
hb 

Rz=Y'=a'+b,X,+—. (1.2) 
x 


2 
Here are the calculated natural regression coefficients: a = 13.37; a’ = 10.25; b, =-0.66; b, = —0.58; b, = 0.51. 
The parameters of the two-factor regression equation were estimated using the standard least squares method; 
therefore, for simplicity of presentation, we omitted the formulas indicating the coefficients. Standardized 
B-coefficients: B; =—0.79; B, =—0.58; B, =—0.51. Comparison of the modules of the values of standardized regression 


coefficients B allowed us to conclude that factor X; (tool diameter) had more effect on the formation of the roughness 
parameter Rz than X2 eae angle). Coefficients of multiple, partial, paired correlation and multiple determination: 
Ry x =0.98; tee ~~ 098, he g = 097) tee yp =- 0.95; 


Ry = 0.95; 7, =-— 0.93; r, = 0.85; r , = 0.79; 


° 3 3 
y'xX Y'X)-X> Y'X'5-X, X/X5-Y' 


—_— Fy, =~ 0.585 ry x, = 0.00; ry, = 0.515 


7 YX), 
Ty x =0.00; R2(Y) =0.95; R2(Y') =0.90. 
Comparing the coefficients, we drew the following conclusions. 


When factor X> was fixed at a constant level, factor _X1 most strongly affected (|0.98] > |0.79|). When comparing the 
coefficients of the hyperbolic model, (|0.93| > |0.79]). 
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When factor X; was fixed, the effect of factor X2 on Rz increased for both models: linear |0.97| > |0.58|, hyperbolic 
[0.93] > 0.51]. 

To ensure the uniformity of the microrelief of the surface, the dependence of the feed and the effective diameter of 
the tool (Deap) was established, which varied depending on the angle of processing. We defined the limitations 
associated with the angles of the tool inclination when processing the SCS. To do this, the surface of the part was to be 
divided into sections and the normal angles calculated. If z= f(x. y), then, in general, the orientation of the tool to the 
surface was set by selecting the direction of the normal. 


At cos y=1/|M: 
N= 25 : (2.1) 
ox Oy 
At cos y =—1 /|M: 
N= rer ; (2.2) 
dx Oy 
To determine the inclination angle of the tangent plane, the following equation was used: 
) 2 
tana = |grad(z),| = (= + = ; (3) 
6x by 


where a = |90° — y|. 
AV Nikitenko [20] presented a model for optimizing the orientation angle of a part with corrective angles of 


inclination 4 and B relative to X and Y axes: 


2 2. 
tan a'= [Stan a) + Laer ‘ (4) 
6x éy 


For a special case (Fig. 1), determination of angle A to normal N: 


i = arctan a (5) 
Ax 


| — 
x x X 
i+] 


Fig. 1. Scheme for calculating the angle of the normal: N — normal; 4 — angle to the normal; Ax — selected step along X axis to 
calculate the lengths of the polyline curve segments, mm; Az — distance along Z axis, depending on the step along X axis, mm 


With a discretely defined surface profile, the length of the curve describing the profile geometry: 
S25 AS. (6) 
i=l 


Here, the length of the polyline section AS, = JAx? + Az?. 
The roughness of Rz was considered as an output parameter (Fig. 2), taking into account the limitations associated 
with the trajectories of motion and the angles of inclination of the sphero-cylindrical tool. 
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Fig. 2. Profilograms of surfaces obtained with different shaping trajectories at [ = 35°-45°: 
a — passing milling; b — counter milling; c — top-bottom milling; d — bottom-up milling 
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x, mm 


Top-bottom milling is characterized by the greatest amplitude, the unevenness of the resulting surface profile, and is 


not recommended for shaping with a tool tilted at an angle of 5°-35°. 
The roughness selection map (Fig. 3) for Rz parameter is based on the results of the given and previous 


studies [16-19]. 


Rz, wm 
Gainer 6.1—-10.0 
4.1-6.0 
Top-bottom 
3.0-4.0 
Bottom-up 
No data 


= 10° 20° 30° 40° 50° 60° 70° 80° 
Fig. 3. Roughness selection map 


When using CTL, a film was formed on the contact surfaces of the tool and the workpiece material, which helped to 
reduce adhesive wear. At the cutting speed V> 70 m/min, the effect of dynamic friction was reduced. At the same time, 
the duration of the physico-chemical effect of the medium on the contact surfaces went down, which limited the effect 


of the use of the CTL (Fig. 4). 
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17.5 3155 57.5 77.5 V, m/min 


Fig. 4. Dependence of roughness parameter Rz on the machining speed: a — without CTL; b — with the use of CTL 


The considered technique was aimed not at establishing critical values of possible orientation angles of a sphero- 
cylindrical tool for a specific object, but at achieving roughness parameters taking into account the effective cutting 
speed, feed, and inclination angles for a wide range of parts with concave-convex and linear sections. This approach 
could provide generalizing and clarifying the ways of optimizing machining. In addition to roughness, the limitations of 
the minimum effective cutting speed, depending on the effective diameter of the tool, were analyzed. At the same time, 
the minimum recommended effective cutting speed was (Veq»y) — 75 m/min. 

According to the feed and lateral pitch, the angle of orientation of the tool can correspond to positive and negative 
values. When calculating, it was considered modulo. Based on the calculated data (Table 2), the surface profile (Fig. 1) 
was divided into sections. The normal angles were determined, and the trajectories of the shaping movements were 
assigned to provide the required roughness, taking into account the angles of inclination of the tool. 


Table 2 
Design parameters for determining the optimal angle of inclination of the tool 
n Az, mm Ax, mm 1 a be ____ Veap 
yal yes {=2 at y = 5 
1 0.16 3.59 4.59 6.59 8.59 68.0 
2 0.48 10.83 11.83 13.83 15.83 84.4 
3 0.82 18.25 19.25 21.25 23.25 99.8 
4 1.22 26.01 27.01 29.01 31.01 114.2 
5 1.71 34.34 35.34 37.34 39.34 127.2 
6 2.38 43.64 44.64 46.64 48.64 138.6 
7 3.55 54.82 55.82 57.82 59.82 147.5 
8 6.59 69.21 70.21 72.21 74.21 150.7 
9 4.56 61.26 62.26 64.26 66.26 150.1 
10 2.81 0.25 48.39 49.39 51.39 53.39 143.1 
11 1.98 , 38.41 39.41 41.41 43.41 132.7 
12 1.43 29.71 30.71 32.71 34.71 120.3 
13 1.00 21.73 22.73 24.73 26.73 106.5 
14 0.63 14.17 15.17 17.17 19.17 91.5 
15 0.30 6.87 7.87 9.87 11.87 75.5 
16 0.01 0.32 1.32 3.32 5.32 60.2 
17 0.33 7.52 8.52 10.52 12.52 77.0 
Ni 1.03 22.43 23.43 25.43 27.43 107.8 
Ni+1 1.47 30.46 31.46 33.46 35.46 121.5 
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The measured roughness values, taking into account the recommended angles of inclination of the sphero- 
cylindrical tool and the movement trajectory, are minimal with respect to Rz parameter (from 3 to 6 um). At the same 
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time, these values correlate with data from other studies (Fig. 3). This allows us to conclude that the proposed method 
of preparing control information is adequate. 

Discussion and Conclusion. The presented technique of selecting the limit values of the orientation angles of a 
sphero-cylindrical tool can be used to process the SCS with one tool without replacement, taking into account the 
accepted restrictions. The proposed approach makes it possible to determine the optimal values of the orientation angles 
of a sphero-cylindrical tool, allowing for the cutting speed and achieving the minimum possible amplitude parameter 
of roughness Rz. 

We considered the situation for surface areas with a total angle of 5°-50° at feed /z = 0.4 mm/tooth. In this case, 
machining along trajectories in the passing direction, from bottom to top and in the opposite direction allowed for 
roughness in the range of 3-6 um according to Rz parameter. This was less than the maximum values obtained by 
15-30 %. At angles of 10°—40° and the passing processing direction, the minimum values of Rz — 3—4 um were 
recorded. The trajectory of top-bottom movement was not recommended for use in final operations due to the 
significant height of the Rz profile. At the same time, the values of 4.1-6 um for this trajectory were achieved in a 
narrow range of angles — 40°-S0°. 
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3aABNEHHbIU BKIAO Coaemopos: 
M.P. [umanees — dopmMupoBaHve OCHOBHOM KOHIIeMIMM MCCeqOBaHHA, OlpeyeseHue CHCTeMbI ypaBHeHHil, 


TWIaHHpOBaHHe SKCHeCPHMeHTa, KpntTuueckuit aHaJIN3 MaTepHasloB, cbopMyupoBaHHe BbIBOJIOB. 
A.B. Huxutenko — pellenHe 3aad HCCICOBAHHA, IpOBeCHHe IKCIICPHMCHTa, opadotKa TCKCTa, KOPpeKTHpOBKa 


BBIBOOB. 
B.O. bepkyH — mpopefeHue 3KcIepHMeHTa HM pacueToB, cOop uM OOpadoTKa MaTepuasoB, aHasIM3 U TOMO uHeHMe 


TeKCTa. 


Kondauxm uHMepecos6. aBTOPbI 3aABJIAFOT 06 OTCYTCTBUUN KOH@JIMKTa MHTeCpecos. 


Bce aemopoi npowumaau u odobpulUu OKOHYAMeENDbHoIU BApUaHM PyKonUcU. 


